Abstract-This paper presents a nanomanipulation system for operation inside scanning electron microscopes (SEM). The system is compact, making it capable of being mounted onto and demounted from an SEM through the specimen-exchange chamber (load-lock) without breaking the high vacuum of the SEM. This advance avoids frequent opening of the high-vacuum chamber, thus, incurs less contamination to the SEM, avoids lengthy pumping, and significantly eases the exchange of end effectors (e.g., nanoprobes and nanogrippers). The system consists of two independent 3-DOF Cartesian nanomanipulators driven by piezomotors and piezoactuators. High-resolution optical encoders are integrated into the nanomanipulators to provide position feedback for closed-loop control. The system is characterized, yielding the encoders' resolution of 2 nm and the piezoactuators' resolution of 0.7 nm. A look-then-move control system and a contact-detection algorithm are implemented for horizontal and vertical nanopositioning.
positioning resolution, fast response, high force generation, and no magnetic-field generation (thus, no interference with electromagnetic imaging).
When a piezoelectric element is operated in the stick-slip mode for achieving a large motion range (e.g., millimeters), it is often called a piezo motor. The same piezoelectric element can also be operated in the fine mode (called a piezo actuator) to produce fine motion of nanometers with a travel range limited to a few micrometers. Using a single piezo element for both coarse and fine positioning is advantageous when a compact system size is desired. On the other hand, when employing two piezoelectric elements, one functioning as a piezo motor and the other independently as a piezo actuator, a nanomanipulation system is capable of extending the travel range of fine positioning from a few micrometers to tens of micrometers.
For installing a nanomanipulation system into an SEM, nanomanipulators are mounted onto, in most cases, the SEM stage [13] [14] [15] , or less commonly, the chamber wall [16] or the ceiling [17] of the SEM. SEM imaging and nanomanipulation occur in the high-vacuum chamber. The installation of a nanomanipulation system or exchanging end effectors (e.g., nanoprobes and nanogrippers) requires the opening of the highvacuum chamber. Breaking the high vacuum and exposing the chamber to the ambient environment contaminate the chamber and incur a lengthy pump-down process (e.g., 30 min to 2 h) after closing the chamber.
Besides the high-vacuum chamber, an SEM has a specimenexchange chamber (typically much smaller than the highvacuum chamber) through which a specimen is transferred into and out of the high-vacuum chamber. The specimen transfer process does not significantly alter the high vacuum in the SEM main chamber; thus, no lengthy pumping is required, and less contamination is incurred in comparison to the opening of the high-vacuum chamber. Therefore, it is desirable to develop a compact nanomanipulation system that can be transferred through the specimen-exchange chamber without breaking the high vacuum. This advance would make nanomanipulation systems more SEM-compatible and improve productivity especially for nanomanipulation tasks that require frequent exchange of end effectors.
SEM nanomanipulation has been largely performed manually by an operator using a joystick and/or a keypad, while closely monitoring SEM images, which is time consuming and skill dependent, and results in low productivity and frequent end-effector breakage. Using the SEM as a vision sensor, advances were recently made [12] , [18] [19] [20] [21] to facilitate automated nanopositioning. However, piezomotor or piezoactuator Fig. 1 . Nanomanipulation system that is compact in size, capable of being transferred through the specimen-exchange chamber of a standard SEM: 1-SEM pole piece; 2-nanomanipulator; 3-specimen holder; 4-nanomanipulator carrier; 5-male electrical connectors; and 6-female electrical connector.
has inherent hysteresis demanding a high-bandwidth sensor for hysteresis modeling in feedforward control [22] or closed-loop control [23] [24] [25] [26] , but SEM imaging suffers from low frame rates, image drift, and noise, and image-quality variations due to environmental factors and electrical charging of specimens, necessitating the use of additional position feedback, such as high-resolution optical encoders. This paper reports a nanomanipulation system (see Fig. 1 ) that is small in size, capable of being transferred through the specimen-exchange chamber of a standard SEM. This feature circumvents the opening of the high-vacuum chamber of the SEM, which is necessary for existing nanomanipulation systems. The system also integrates high-resolution optical encoders to provide position feedback along multiple axes with nanometer resolutions for closed-loop positioning. The system design, system characterization details, and system performance are presented.
II. SYSTEM DESIGN
As shown in Fig. 1 , the nanomanipulation system has a nanomanipulator carrier (4), on which there are two nanomanipulators (2) and two corresponding male electrical connectors (5). The female electrical connectors (6) are installed onto the SEM main chamber stage permanently, and mate with connectors (5) (6) is installed to the specimen-exchange rod (5) after the specimen-exchange chamber (7) is aired and its door (4) is opened. (c) The nanomanipulator carrier is transferred to the main chamber for mechanical mounting to the specimen stage and electrical coupling to the previously installed female electrical connectors. (d) The specimen holder (8) with a specimen stub (9) is transferred to the manipulator carrier through the specimen-exchange chamber.
when carrier (4) is transferred through the specimen-exchange chamber like a regular specimen. Electrical wires from connectors (6) are connected to the nanomanipulator driver/controller outside the SEM through an SEM feedthrough port. Carrier (4) has a T-shaped structure at the bottom for its mounting to the T-groove of the specimen stage. After the transfer of carrier (4), the specimen holder (3) is transferred to the carrier through the specimen-exchange chamber.
The installation of electrical connectors requires one-time opening of the high-vacuum chamber, while mounting and demounting of nanomanipulators do not break the high vacuum nor does the exchange of end effectors affect the high vacuum. In addition, in this design architecture, transferring a specimen into and out of the SEM is decoupled from the nanomanipulation system. Thus, during specimen exchanging, the nanomanipulation system stays inside the SEM without being disturbed. Fig. 2 shows the installation procedure of the nanomanipulation system to a standard SEM (Hitachi SU6600). For demounting the specimen holder or the nanomanipulator carrier, the specimenexchange rod is used again to transfer them out through the specimen-exchange chamber.
The system contains two nanomanipulators, both assembled from three nanopositioners (SmarAct GmbH; http://www.smaract.de/) integrated with optical encoders (reported resolution: 1 nm, Numerik Jena GmbH). The size of each nanomanipulator is 36×21×22 mm 3 . The nanopositioners, as estimated by the manufacturer, when operating in the coarse positioning mode (i.e., as a piezomotor), have a travel range of 10 mm and a resolution of ∼50 nm, and when operating in the fine positioning mode (i.e., as a piezoactuator), have a travel range of 1 μm and a resolution of ∼1 nm. The load carrying capability of the nanopositioner is approximately 3 N.
The system can be redesigned to contain more than two nanomanipulators. Additionally, it is also feasible to integrate nanomanipulators with both translational and rotational degrees of freedom into the system for more dexterous nanomanipulation. The present nanomanipulation system producing only translational motions was systematically characterized to quantify its performance inside the SEM.
III. SYSTEM CHARACTERIZATION

A. SEM Imaging
SEM imaging is used as a benchmark to characterize the performance of the actuators and encoders of the nanomanipulation system. The SEM is known to have issues, such as image drift and noise, making stationary features on a specimen appear moving in the image frame. Thus, the characterization of drift and noise in SEM imaging was conducted.
SEM image noise refers to random variations of pixel values, arising from a few sources (e.g., limited number of excited secondary electrons from specimens). Image drift refers to the movement of the entire image due to electron beam drift, charge drift on a specimen, and/or electromagnetic interferences from the environment. In order to quantify image drift and noise, two features on a stationary specimen were visually tracked simultaneously over 5 min using a subpixel visual-tracking algorithm [27] . A high imaging magnification of 100 000× was used along with other optimal imaging conditions (e.g., a short working distance of 5 mm, a high acceleration voltage of 30 kV, and the use of a magnetic field cancellation device). The pixel size at 100 000× magnification is 2 nm × 2 nm. These imaging conditions were also used in the subsequent characterization of the nanomanipulation system.
Each of the two tracking curves in Fig. 3 represents the position change of a feature relative to its original position at 0 s in the image. Those two tracked features were 1 μm apart. The two curves essentially overlap, indicating that the image drift dominates noise. The relative position change between the two features (subtraction between the two tracking curves) represents image noise, shown as the horizontal curve in Fig. 3 (mean: 0.05 nm; standard deviation: 0.33 nm). Step size of the stick-slip movement was experimentally determined. The minimum step size that the system is capable of producing with a high repeatability is determined to be 97. 
B. Actuator Characterization
The step size of the piezomotor (stick-slip mode) in coarse movement depends on the amplitude and frequency of the driving sawtooth signal. The minimum step size is defined as the minimum repeatable movement of the actuator in the coarse mode. As shown in Fig. 4(a) , the minimum step size of the nanomanipulators is 97.2 nm with a standard deviation of 1.1 nm when the amplitude and frequency of the driving sawtooth signal are set to be 48.84 V and 12 000 Hz, respectively.
The input voltage of the piezoactuator ranges from 0 to 100 V using a 12-bit digital-to-analog converter (DAC), corresponding to 10 nm/V. The piezoactuator often starts at its center position, e.g., 50-V actuation voltage, in a coarse-fine positioning system for the purpose of producing forward/backward movement. The piezoactuator was driven by an input voltage increasing from 50 to 51 V with an interval of 0.024 V (i.e., 100/2 12 V). The same imaging conditions and subpixel visual-tracking algorithm as used in the SEM characterization were applied. As shown in Fig. 4(b) , the subpixel visual-tracking algorithm detects the movement of the piezoactuator after each two-voltage increments, since one-voltage increment results in the calculated movement of 0.24 nm, smaller than the SEM imaging noise level (i.e., 0.33 nm). The mean and standard deviation of the position increments are 0.51 and 0.19 nm, respectively, indicating that piezoactuator has a resolution better than 0.70 nm.
As the actuation voltage increases by 20 V and returns to the initial voltage, the piezoactuator exhibits significant hysteretic behavior [see Fig. 4(c) ], translating into poor linearity between the displacement and the actuation voltage. For portions of the curve, where a voltage increment corresponds to a travel distance larger than the image noise level, one-voltage increment can also result in a movement detectable by the tracking algorithm. Fig. 4 (c) also indicates that hysteresis is highly dependent on the starting voltage, necessitating closed-loop control [23] , [25] , [26] or a suitable mathematical model of the hysteretic behavior [28] [29] [30] [31] [32] [33] [34] [35] [36] to compensate for the nonlinearity.
C. Encoder Characterization
Drift, accuracy, and resolution of the optical encoders were characterized inside the SEM. The encoder reading drifts because the light source of the encoder generates heat and causes the optical scale of encoder to expand. This issue is worsened by poor heat transfer in the high-vacuum environment of the SEM. Fig. 5(a) shows encoder reading sampled at 100 Hz for 10 min, while the nanomanipulators were kept unactuated. It is not clear why the encoders drift in one direction for the first few seconds when they are turned ON and, subsequently, drift in the opposite direction. After the direction reverses, all encoders drift at a near constant rate of 1.2 nm/s. This result is useful for encoder-drift compensation when required. It also guides one to limit the duration between two critical encoder readings to below 1 s, in order to avoid/mitigate the effect of encoder drift.
Encoder accuracy was quantified using SEM imaging. The nanomanipulators were moved in the XY plane in the open loop, with the travel distance measured from both the encoders and SEM imaging. The absolute accuracy of the encoders depends on travel distances. For example, when the nanomanipulator traveled by 1292 nm (measured by SEM imaging), the corresponding encoder reading was 1280 nm. The encoder error changes proportionally with traveled distances. The results show that the average accuracy of the encoders is 98% of SEM measurements.
Subtracting the drift (e.g., a ramp signal of 1.2 nm/s) from the encoder reading in Fig. 5(a) yields the noise component of the reading, as shown in Fig. 5(b) . The noise has a p-p value of 2 nm, limited by the resolution of the encoder. To quantify the minimum motion that an encoder (i.e., encoder resolution) is able to detect, a piezoactuator (fine mode) was actuated to travel by approximately 5 nm during 1 s with an interval of 1 nm. The subpixel visual-tracking result from SEM imaging is deemed to be the actual displacement, and the encoder reading is the measured output. As shown in Fig. 5(c) and Table I , the difference between the actual position and the encoder reading is less than 2 nm, demonstrating that the encoder has a 2-nm resolution.
It should be noted that when an actuator was actuated to travel a small distance close to the resolution of its encoder, the encoder resolution is the major factor determining the accuracy the encoder reading. When the traveled distance is much larger than the encoder resolution, the effect of the encoder accuracy alone dominates the effect of the encoder resolution.
D. Control
The integration of encoders enables the implementation of the look-then-move control in the XY directions. Considering the large travel range of the piezomotor in the coarse mode and the small travel range of the piezoactuator in the fine mode, two classical discrete proportional-integral differential (PID) controllers were implemented to control the coarse-fine system. A switch function was used to determine the selection of the two PID controllers.
However, the accuracy of the optical encoders (e.g., 98% over the travel range) degrades the accuracy of position control in the image frame, demanding an image-based visual servo integrated with the look-then-move control. The combined use of the lookthen-move and image-based visual servo improves the accuracy while maintaining a reasonable speed.
Denoting
, and f c ∈ 2×1 as the desired, initial, and current positions of the end effector in the image frame, and X i ∈ 2×1 as the initial position along the XY directions in the actuator coordinate system, the desired position X d ∈ 2×1 of the end effector in the actuator coordinate system is
where J ∈ + is the ratio between the displacements in the image frame and the actuator coordinate system by assuming that X and Y axes of the actuator coordinate system coincide with column and row of the image frame, respectively. The assumption is feasible because the electron beam and the SEM sample stage can be rotated to algin the X and Y axes with the column and row of the image frame.
1) Coarse-Fine Switch of the Look-Then-Move Control:
The control input (e.g., U x along the X direction) is switched from the coarse mode U c to the fine mode U f by comparing the error E x with the travel range Θ of the piezoactuator as follows:
where U c and U f are the control outputs from classical discrete PID controllers
where n (m) is the discrete step at time t, K pc , K ic , K dc and K pf , K if , K df are the PID parameters for the coarse and fine control, respectively. E x (n) (E x (m)) is the error between the current position and the desired position, and Δ(n) (Δ(m)) is the difference between the current position and the previous position at time n − 1 (m − 1).
2) Coarse-Fine Switch of the Image-Based Visual Servo:
The form of the controller of coarse-fine image-based visual servo is similar as (3) and (4), except that the error is determined in the image frame. The switch of the coarse-fine control input u x is as follows:
where u c and u f are the coarse and fine control inputs, and Ω (pixel) is often chosen as the ratio between the travel range of the piezoactuator and the pixel size of the SEM image.
3) Switch of the Look-Then-Move Control and Image-Based Visual Servo:
The image-based visual servo will not be triggered until the look-then-move control reaches its steady state, e.g., E x = τ nm (the absolute accuracy of the optical encoder corresponding to a travel distance) by choosing the PID parameters in U c and U f carefully. For example, the control input u in the X direction is
4) Positioning Along the Z Direction:
The Z position of a nanomanipulator can also be obtained through SEM imaging, by tilting the SEM stage to achieve views from a different angle. The tilting angle can be determined from the rotary encoder of the SEM specimen stage. The stage tilting induces relative position change between the end effector and the substrate in the image frame. With the tilting angle and position change being known, the height of the end effector relative to the substrate surface can be calculated. However, this method depends on the availability of high-resolution rotary encoders and is time costly in implementation. Thus, an SEM vision-based contactdetection method is developed for Z-position determination.
Accurately detecting the contact between an end effector and the substrate can provide a nanomanipulation system with a reference along the Z direction. We extended our vision-based contact-detection algorithm from optical microscopy [37] , [38] to electron microscopy [20] . This approach does not require additional equipment, devices, or sensors, different from approaches reported previously [15] , [18] , [39] [40] [41] . Using the SEM visual feedback, the end effector (i.e., nanoprobe) is visually tracked in real time as it descends toward the target surface. Once contact between the end effector and target surface is established, further motion of the end effector in the Z direction causes the end effector to slide on the substrate surface. This sliding motion is detected by comparing the pixel values difference (e.g., x i − x i−5 ) and a threshold Δd (e.g., four pixels), as shown in Fig. 6 .
Upon the detection of the contact (e.g., point B in Fig. 6 ), the end effector is retracted to the actual contact point (point C) by ascending in the Z direction by ΔZ and, then, raised by tens of nanometers (ΔZ a ) (to point D). As summarized in Table II , the encoder accuracy is within 98% of travel distance. Since the motion range along the ΔZ is typically not beyond 100 nm after contact detection, the nanomanipulation system uses only encoder feedback and standard PID position control for positioning along the Z direction after the first contact detection. Table II summarizes system specifications and characterized performance. The size of the overall system makes it easily fit through the SEM specimen-exchange chamber to enter the highvacuum chamber. The coarse positioning resolution of 97.2 nm is sufficient for the system to manipulate submicrometer objects. However, in order to manipulate nanometer-sized objects, the system must operate in the fine mode to produce a motion resolution of nanometers.
IV. RESULTS AND DISCUSSION
While the steady-state error of the closed-loop-controlled nanomanipulation system is determined by the resolution of the encoders, the positioning accuracy depends on the accuracy of the encoders. For example, when the system is controlled to travel 320 nm along the X or Y direction, the system reaches the target position with an error of ±4 nm, benchmarked by SEM imaging. The average encoder accuracy and actuator performance listed in Table II are also applicable to the Z direction. Characterizing the system's positioning performance along the Z direction was performed by accurately tilting the SEM stage and using SEM imaging from multiple oblique views.
The integrated encoders increase the system bandwidth. A comparison was made between the look-then-move control and the image-based visual servo. The encoder sampling frequency was set to 100 Hz. SEM imaging at the fast scan mode is 30 Hz as the maximum. The control gains were tuned through trial and error. To travel a distance of 250 μm, the look-then-move control costs 0.25 s to reach the steady state, while visual servo takes 3 s, as shown in Fig. 7(a) . Fig. 7(b) shows the tracking of a circle (diameter 32 μm) with the look-then-move control approach. Tracking the full circle took the system 0.87 and 10.33 s using the look-then-move and image-based visual servo, respectively. Due to encoder inaccuracies (98% of the travel distance), the largest error generated by the system was approximately 640 nm. It is also observed that the tracking errors were larger for target positions farther away from the original position, since the absolute encoder error is proportional to the travel distance.
In order to leverage the high speed of the look-then-move approach, while reducing its errors, a combined use of the lookthen-move and image-based visual servo was implemented. After the look-then-move control reaches the steady state, imagebased visual servo can be used to fine tune the final positions, making the tracking accuracy less than 1 pixel with a tradeoff of a longer tracking time (2.58 s versus 0.87 s). A range of end effectors, such as nanoprobes, atomic force microscopy (AFM) cantilevers, and micro-nanogrippers can be mounted on the nanomanipulation system to perform tasks such as nanomaterial characterization and pick-place assembly. In this paper, we use nanowire probing (tin-oxide nanowires) as an example application to demonstrate the operation of the system. Both nanomanipulators were mounted with a tungsten nanoprobe. An electrical connection between the nanoprobes and outside SEM was established through electrical connectors on the nanomanipulators and the SEM feedthrough port. The probes were chemically treated to remove the native oxide layer using KOH and HF solutions, having an end tip of approximately 150 nm in diameter.
The system is capable of detecting the contact position by monitoring the slope change in the image pattern. Contact detection typically costs 10 s. The system positions the nanoprobes using the look-then-move control along the XY direction and position control along the Z direction. Fig. 8(a) shows the probing of a 90-nm wide Sn nanowire. The exact accuracy of contact detection has not been fully characterized; however, the fact that the nanoprobes were able to repeatedly land on the 90 nm nanowire confirms that the contact-detection accuracy is better than 90 nm. The average positioning time for probing a nanowire is 0.25 s along XY directions. A SourceMeter (2602, Keithley Instruments Inc., Solon, OH) was used to supply voltages and measure currents. The resistivity of the nanowire was determined from the I-V data shown in Fig. 8(b) to be 1.10× 10 −3 Ω · m.
V. CONCLUSION
This paper presented a compact, closed-loop-controlled nanomanipulation system. The system eases end-effector exchange without requiring the opening of the high-vacuum chamber of an SEM, eliminating lengthy pumping processes and incurs less contamination. The system was systematically characterized, demonstrating the suitability for nanopositioning. The integrated high-resolution encoders increase system bandwidth. When the encoder feedback and SEM visual feedback are combined, the control system is capable of achieving both a high speed and a high accuracy.
